This paper investigates the propagation characteristics of the inter-vehicle communication system operating at millimeter band. First, this paper proposes a new propagation model, which takes into account the vehicle traffic, and theoretically derives the path loss and delay profile characteristics using the ray tracing method. Next, this paper investigates the high speed digital transmission performance of the inter-vehicle communication system. Namely this paper theoretically analyzes the bit error rate, required transmission power, and maximum available bit rate of the system. The results show that the vehicle traffic and the antenna size affect the transmission performance. Furthermore, this paper shows the improvement of propagation characteristics by diversity techniques.
I. Introduction
Recently, implementation of advanced communication technology has been investigated as a method to improve the efliciency and safety of ground transportation El]- [3] . Projects such as PROMETHEUS in Europe, Partners for Advanced Transit and Highway (PATH) in the United States, and Road Automobile Communication Systems (RACS) in Japan are currently engaged in the design of such systems called road transport informatics (RTI) in Europe and intelligent transport systems (ITS) in the United States and Japan. Many see these projects as a means of improving safety and efficiency of the highway system, which would lead to an increase in the productivity of commuters as well as alleviate pollution.
Millimeter waves inter-vehicle communication system is important to the ITS projects, such as Automated Highway Systems (AHS). Since the wavelength of millimeter waves is very small, we can reduce the size of the devices such as antennas, transmitter and receiver circuits. Since the wide-band spectrum is available in millimeter waves, we can achieve high speed digital transmission and high resolution radar systems. Furthermore, we can get high spectrum efficiency because of the high oxygen absorption producing severe signal attenuation at distances above a few kilometers [4] .
Although many people analyze the multipath fading in mobile communications [5] , a few people analyze the inter-vehicle communication system. 0-78034872-9/98/$10.00 0 1998 IEEE In [6] , theoretical analysis of multipath envelopes is implemented, but antenna gain is not considered. So we can't applicate it to the inter-vehicle communication system at millimeter waves. In [7] , though only direct and reflection on the ground waves are considered, the effect of vehicles running beside the road is not considered.
This paper proposes a new propagation model for the inter-vehicle communication system, which takes into account the vehicle traffic. Then we theoretically derives the path loss and delay profile characteristics using the ray tracing method. Next, we investigate the high speed digital transmission performance of the intervehicle communication system. Namely we theoretically analyze the bit error rate, required transmission power, and maximum available bit rate of the system. Furthermore, we show the improvement of propagation characteristics by diversity techniques. 
Propagation Model
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A . Multipath Propagation Characteristics
In this section, we analyze the propagation characteristics with the ray tracing method [SI which is effective for millimeter or optical wave propagation analysis.
Expentill daribution
If the offset of antenna position is assumed to be neglectable, the incident angle Bi is written by are the received powers and incident angle of the i-th reflection paths, respectively. Also, 1.4 is the length of the side of the rectangular aperture horn antenna, X the wavelength, -yo the oxygen absorption attenuation coefficient in dB, and p g , pw, pu are power reflection coefficients of the ground, the concrete wall, and the beside vehicle respectively. A is half power beamwidth of the antenna. Therefore, the relative power of the paths to direct wave, Pi is written as
B. Delay Profile
It is assumed that transmitter, receiver and the beside vehicle have the same velocity. The propagation delay time of the i-th path is given by
where LTR is the distance between transmitter and receiver, R is the curvature radius, and 0 is the central angle of the road. Reflection path 3 exists if beside vehicle Vr exists. Probability that the path exists is given by
where d~ is the length of the vehicle. The number of reflection paths varies depending on the vehicle traffic.
C. Probability Density Function of Signal to
In Fig. 1 , paths are decided by the ray tracing method. The antenna directivity function G(&) of the incident angle Bi is given by [lo] RIA sin 8 
D. Average Bit Error Rate
In this section, we suppose DBPSK (Differentially encoded Binary Phase Shift Keying), with differential decoding. The bit error rate of DBPSK in an AWGN (Additive White Gaussian Noise) channel is given by I1 11
= -e-7.
Average bit error rate is written as r w
When &d is large, the average bit error rate becomes This equation matches the BER in a Rayleigh fading channel [ll] . Table 1 shows the parameters to analyze the system. Although the reflection coefficients depend on the incident angles and polarization, we suppose that these coefficients are constant for analytical simplicity [12] . 
IV. Numerical Results
A. Multipath Delay Wave
Fig . 2 shows the relative reflected power against the distance among vehicles. The shorter the distance is, the smaller the reflected signal power is. This is because the reflected signals are suppressed with the directivity of antennas. The larger the distance is, the larger the power of reflection paths is. Fig. 3 shows the relationship between the delay profile and the distance among vehicles. The more the distance is, the smaller the multipath spread becomes. This is because the propagation path difference between the direct path and the first reflected path decreases with increase in the distance.
Since the received signal consists of the direct path component and the reflected path components, the propagation channel is modeled as a Rician fading channel. In this model, the power ratio of the reflected paths components to the direct path component, or the Rician parameter, characterizes the channel. Fig. 4 is the Rician parameter characteristics against the vehicle traffic. The more the vehicle traffic is, the smaller the Rician parameter becomes. This is because the average distance among vehicles decreases with increase in the traffic, and this reduces the relative power as shown in Fig. 2. 
B. E$ect of Vehicle Trafic
The vehicle traffic affects the transmission performance. Fig. 5 shows the bit error rate performance against the vehicle traffic. The bit error rate decreases with increase in the vehicle traffic.
C. Optimum Antenna Size
Now, we investigate the bit error rate performance against the half power beamwidth. The beamwidth is related with the antenna size. The more the antenna size is, the larger the antenna gain becomes. Therefore, the bit error rate decreases with increase in the antenna size. However, since the antenna directivity becomes narrow with increase in antenna size, the large antenna is more sensitive to the direction mis-alignment among antennas. This implies that there is the optimum antenna size to minimize the bit error rate. Fig. 6 shows the bit error rate performance against the haIf power beamwidth. For example, the optimum beamwidth is A = 10.2'(Za = 5cm) at A, = 0.02. Note that the optimum antenna size depends on the vehicle traffic. This is because the direction mis-alignment becomes large with increase in the distance between vehicles.
D. Required Transmission Power
The required transmission power to ensure the required bit error rate is an important parameter to design the system. Fig. 7 shows the required transmission power against the vehicle traffic at P, = lo-'.
We suppose that the half power beamwidth is 10.2'(1~=5cm) and the required bit rates are 80Mbit/s, lOMbit/s and lMbit/s. The required transmission power decreases with increase in the vehicle traffic. This is because the distance between transmitter and receiver decreases with increase in the vehicle traffic. At PT =10dBm, the vehicle traffic which satisfies the required bit rate of 80Mbit/s is less than 0.02, that is, the average distance among vehicles is about 50m. This means that the 80Mbit/s of digital transmission is available within the distance of 50m.
V. Diversity Techniques
Diversity is one of the effective techniques to improve the transmission performance in the multipath channel. In the following, we investigate the effect of space diversity in the inter-vehicle communication system. Suppose two branch selection diversity, Fig. 8 When the antenna height d H is small, necessary antenna space is large because the difference of path length of direct and reflection path 1 is small. We ascertained that bus or truck (dH=l.Om) must have about 15cm space and car (&=0.4m) about 30cm. Fig. 9 shows the cumulative distribution function of CNR. The diversity gives 11 dB gain at the probability This figure shows that we can reduce the effect of multipath fading and improve the propagation characteristics by diversity techniques.
VI. Conclusions
In this paper, we have investigated the propagation characteristics of the inter-vehicle communication system operating at millimeter band. First, we have proposed a new propagation model for the inter-vehicle communication system, which takes into account the vehicle traffic, and theoretically derives the path loss and delay profile characteristics. Next, we have investigated the high speed digital transmission performance of the inter-vehicle communication system. Namely we theoretically have analyzed the bit error rate, required transmission power, and maximum available bit rate of the system. The results showed that the vehicle traffic and the antenna size affect the transmission performance. Furthermore, we have shown the improvement of propagation characteristics by diversity techniques. 
